Tetanic stimulation of one of two afferent pathways converging to neurons in the visual cortex induces long-term depression (LTD) of synaptic transmission in the other, nonactivated pathway under a certain condition. This form of synaptic plasticity called heterosynaptic LTD (hetero-LTD) was not systematically investigated in previous studies, whereas homosynaptic LTD has been extensively studied. To determine whether hetero-LTD is induced in visual cortical slices of mice and, if so, through what mechanisms, we recorded EPSPs evoked in layer II/III neurons by alternating test stimulation of two sites in layer IV at 0.05 Hz. After theta-burst stimulation of one site, EPSPs evoked by test stimulation of the other site were depressed for a long time in most of the neurons, whereas homosynaptic long-term potentiation was induced at activated synapses. Such a hetero-LTD was induced in most mice at postnatal day 7-20 (P7-P20), but not induced in mice at P35-P41. Tests using the paired-pulse stimulation protocol and coefficient of variation analysis suggested that hetero-LTD was expressed at presynaptic sites. Pharmacological analysis indicated that this form of LTD was induced through activation of the type 5 of metabotropic glutamate receptors, not through the NMDA type of glutamate receptors. Additional analysis using a cannabinoid type 1 receptor agonist and an antagonist suggested that endocannabinoids (eCBs) are involved in this type of LTD. Moreover, results suggest that brain-derived neurotrophic factor, which may be released from strongly activated presynaptic sites, prevents eCBs from suppressing the release of transmitters from these sites.
Introduction
In the visual cortex and hippocampus, it was reported that tetanic or repetitive stimulation of one of two afferent pathways converging to postsynaptic neurons induces long-term depression (LTD) of synaptic transmission in the other, nonactivated pathway (Levy and Steward, 1979; Tsumoto and Suda, 1979; Abraham and Goddard, 1983; Tamura et al., 1992; Doyère et al., 1997) (for review, see Linden and Connor, 1995; Bear and Abraham, 1996) . In the visual cortex, this heterosynaptic LTD (hetero-LTD) is hypothesized to play a role in modification of neural circuits after monocular visual deprivation during a certain period of postnatal development (for review, see Tsumoto, 1992; Bear, 2003) , although such a hypothesis was not fully substantiated by experiments so far, and rather homosynaptic LTD (homo-LTD) was suggested to play such a role (Rittenhouse et al., 1999; Heynen et al., 2003) (but see Hensch, 2005) . Mechanisms underlying homo-LTD in the visual cortex are suggested to involve the postsynaptic Ca 2ϩ influx mostly through activated NMDA receptors, dephosphorylation of protein kinase substrates, and clathrin-dependent internalization of AMPA receptors (Heynen et al., 2003) (for review, see Malenka and Bear, 2004) . To the best of our knowledge, however, mechanisms underlying hetero-LTD in the visual cortex are not fully understood.
Endocannabinoids (eCBs), endogenous ligands for cannabinoid receptors, play a role in synaptic plasticity in the brain (for review, see Freund et al., 2003; Chevaleyre et al., 2006) . For example, eCBs were suggested to play a role in spike timingdependent LTD of synapses in layer V of the rat visual cortex (Sjöström et al., 2003) or homo-LTD in the mouse striatum (Gerdeman et al., 2002) or in layer II/III of the mouse visual cortex (Crozier et al., 2007) . Regarding hetero-LTD, eCBs were also proposed to play a role in this form of LTD at inhibitory synapses in CA1 of the hippocampus (Chevaleyre and Castillo, 2003) and in the basolateral amygdala (Marsicano et al., 2002) . Recently, it has been demonstrated that eCBs play an essential role in hetero-LTD at excitatory synapses in the immature hippocampus (Yasuda et al., 2008) . These results raise questions of whether eCBs are involved in hetero-LTD in the visual cortex and, if involved, how and why eCBs, which are assumed to spread across cell membranes, do not interfere with the induction of homosynaptic long-term potentiation (homo-LTP) at the same neuron.
To address these questions and to elucidate mechanisms un-derlying hetero-LTD in the visual cortex, we recorded synaptic responses of neurons in layer II/III to test stimulation alternately administered to two separate sites in layer IV of the cortex. After theta-burst stimulation (TBS) of one site, responses to test stimulation of the other site were depressed for a long time in most of the neurons, whereas homosynaptic LTP was induced at activated synapses. We found that eCBs and its receptor, CB 1 R, were involved in hetero-LTD, and brain-derived neurotrophic factor (BDNF), which is assumed to be released from activated terminals, may counteract the action of eCBs so as not to suppress these activated terminals.
Materials and Methods
Slice preparation. Wild-type mice (C57BL/6), aged from 14 to 20 postnatal days (P14 -P20) were used, except in the experiments in which the age dependence of hetero-LTD was tested at P7-P10 and P35-P41. Mice were anesthetized with isoflurane (Abbott) and then decapitated. The brains were rapidly removed and placed in cold oxygenated artificial CSF (ACSF). Coronal slices of the visual cortex (350 m thick) were obtained using a tissue slicer (Vibratome 3000; The Vibratome Company). All experimental procedures were performed in accordance with the guidelines of the Animal Experimental Committee of RIKEN Brain Science Institute. Slices were placed in an incubating chamber of oxygenated ACSF at 31°C for 1 h before recording. The recording temperature was 30°C. ACSF had the following composition (in mM): 124 NaCl, 3.0 KCl, 2.0 CaCl 2 , 1.0 MgCl 2 , 1.25 NaH 2 PO 4 , 26.0 NaHCO 3 , and 10.0 glucose, pH 7.4. ACSF was bubbled continuously with 95% O 2 -5% CO 2 . The flow rate of ACSF was ϳ2.5 ml/min. Antagonists for GABA receptors were not added to ACSF. Stimulating electrodes and whole-cell recordings. Two stimulating electrodes of the concentric bipolar type (125 m diameter, FHC) were placed at separate sites in layer IV of slices, which were vertically cut from the white matter to the bottom of layer II/III. Whole-cell recordings from pyramidal neurons in layer II/III of the visual cortex were performed under infrared differential interference contrast optics. EPSPs evoked by test stimulation of layer IV at 0.05 Hz were recorded in the current-clamp mode using a multiclamp amplifier (700B; Molecular Devices), filtered at 2-5 kHz, digitized at 10 kHz, and fed into a Pentium 4 personal computer with a digitizer computer interface (PCI-MIO-16E-4; National Instruments). Data analysis was performed using the Igor 4.01 program.
Recording electrodes were pulled from borosilicate glass capillary with filaments (0.86 mm inner diameter, 1.5 mm outer diameter). The resistance of these electrodes with the following internal solution was 5-7 M⍀. The composition of the internal solution was as follows (in mM): 130 K-gluconate, 10 KCl, 10 HEPES, 0.2 EGTA, 4 MgATP, 0.5 Na 3 GTP, and 10 Na-phosphocreatine, and adjusted to pH 7.2 with KOH. The osmolarity of the solution was 275-290 mOsm. The input resistance of neurons was continuously monitored throughout the recording by injecting hyperpolarizing test currents (Ϫ20 pA for 100 ms). The measured resistances were generally 60 -100 M⍀, and usually very stable during recordings. If these values changed Ͼ20%, recordings were stopped and the data were discarded. In the experiments in which postsynaptic Ca 2ϩ was chelated, 1,2-bis(2-aminophenoxy)ethane-N, N,NЈ,NЈ-tetra-acetic acid (BAPTA) was added at the concentration of 10 mM to the internal solution of recording electrodes. Similarly, drugs and dimethyl sulfoxide (DMSO) (0.1% in ACSF) as vehicle were added to the internal solution in part of the experiments.
Induction of homo-LTP and hetero-LTD. EPSPs of layer II/III neurons of visual cortical slices were elicited by alternating test stimulation at 0.05 Hz through two stimulating electrodes positioned in layer IV of the cortex. The intensity of test stimulation was set at 1.5-2.0 times the threshold for eliciting detectable responses (30 -80 A for pulses of 0.1 ms duration). After recording baseline responses for 5-10 min, TBS paired with postsynaptic depolarization at 0 mV for 40 s was applied to one site of layer IV. TBS consisted of four trains at 0.1 Hz, each train consisting of 10 bursts at 5 Hz, and each burst consisting of four pulses at 100 Hz. The intensity of each pulse was twice the test pulse intensity. Thereafter, responses to test stimulation at 0.05 Hz were recorded again for at least 40 min. During TBS, the membrane potentials were clamped at 0 mV in the voltage-clamp mode, except the experiments in which the membrane potentials were clamped at Ϫ70 mV during nonassociative TBS. After TBS, the recordings were performed in the current-clamped mode again.
Analysis of coefficient of variation of EPSPs and paired-pulse ratio. The coefficient of variation (CV) of the peak amplitudes of EPSPs was determined within the stationary period. The stationary periods were 5-10 min before TBS and 15-35 min after TBS, when the peak amplitude of EPSPs was stable. The value of CV Ϫ2 was corrected for the variance of background noise, using the relation 2 ϭ 2 (measured) Ϫ 2 (noise) (Faber and Korn, 1991) . To measure background noise, we used 2 ms of traces before stimulation. Then, we calculated the normalized CV and mean to the respective values (CV ϭ/m, where is the SD and m is the mean). To assess a possible change after TBS, we used separate blocks of 15-30 (mostly 30) traces for the baseline value before TBS and 30 -60 (mostly 60) traces 15-35 min after TBS.
The paired-pulse ratio (PPR) of EPSPs was determined as the peak amplitude of averaged traces (10 -25 sweeps) of the second EPSPs to that of the first EPSPs.
Drugs. Drugs were applied either through the perfusion medium or the internal solution of recording pipettes. When drugs were applied through the internal solution, control recordings using the internal solution alone or the vehicle (DMSO solution) alone were performed in slices from the same mice as used for test recordings. In the case of bath application, interleaved control recordings were performed in non-drugtreated slices from the same animals. As selective antagonists for the respective type of glutamate receptors, we used the following drugs: D,L-2-amino-5-phosphonovaleric acid (APV) (Sigma-Aldrich) at 100 M for NMDA receptors, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (Sigma-Aldrich) at 20 M for AMPA receptors, (2S)-amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl)propanoic acid (LY341495) (Tocris Bioscience) at 100 M for metabotropic types of glutamate receptors (mGluRs), 2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP) (Tocris Bioscience) at 10 M for the type 5 of mGluRs (mGluR5). As the selective agonist and antagonist for the type 1 of cannabinoid receptor (CB 1 R), we used R-(ϩ)- (2,3-dihydro-5-methyl-3-[(4-morpholinyl) In the experiments in which BDNF and its high-affinity receptor were examined, human recombinant BDNF (Regeneron Pharmaceutical) at 400 ng/ml, or anti-TrkB IgG (rabbit polyclonal IgG; Millipore) at 10 g/ml, were applied through the bath medium containing 0.1% bovine serum albumin. To infiltrate those proteins into tissues sufficiently, slices were incubated in BDNF solution (200 ng/ml) for at least 1 h or in TrkB-IgG solution (3 g/ml) for at least 2 h before recording.
Statistical analysis. In the present study, values are given as mean Ϯ SEM, unless otherwise mentioned. For statistical analysis, values before and after TBS obtained from the same cell and values between two groups of cells were compared by the paired and unpaired t tests, respectively, when values showed normal distribution. The statistical evaluation of normal distribution was performed using the Kolmogorov-Smirnov test.
Results

Separate stimulation of two pathways from layer IV to layer II/III neurons
To separately activate two pathways from layer IV to layer II/III neurons, we used slices with a vertical cut from the white matter to the bottom of layer II/III of the cortex (Fig. 1 A) . In these slices, test stimulation of each site of layer IV elicited synaptic potentials with a short onset latency and a rapid decay ( Fig. 1 B, traces) . The mean onset latencies for 18 neurons, which were randomly selected for measurement, were 2.9 Ϯ 0.1 (SEM) ms. Such a short latency and a very small fluctuation of the latency (usually within 0.1 ms) indicated that the synaptic potentials were elicited mono-synaptically. These potentials were almost completely blocked by simultaneous application of CNQX and APV, antagonists for glutamate receptors of the AMPA and NMDA types, respectively, suggesting that the potentials were EPSPs mediated by glutamate.
Then, we examined whether the two pathways converging to recorded neurons were activated separately, using the pairedpulse and primed-pulse stimulation protocol. Initially, pairedpulses at intervals of 50 ms were applied to the left side (path A) and right side (path B) (Fig. 1 A) . As shown in the top row of Figure 1 B, the second responses were smaller than the first responses at both paths A and B (i.e., paired-pulse depression was induced at both sides). Then, the first and second stimuli were applied to the right and left sides, or left and right sides, respectively. As shown in the bottom row of Figure 1 B, the second responses (A4 and B4) were not smaller than the first responses at the corresponding side (A3 and B3, respectively), indicating that the first stimulus did not affect the responses to the second stimulus. This was confirmed in the group analysis of ratios of the peak amplitude of the second responses to that of the first responses, obtained from seven neurons (Fig. 1C) . The mean ratios of the EPSP amplitudes of A2 to A1, B2 to B1, A4 to A3, and B4 to B3 were 0.81 Ϯ 0.03, 0.78 Ϯ 0.11, 1.02 Ϯ 0.05, and 1.11 Ϯ 0.10, respectively. The latter two values were nearly 1.0, and significantly ( p Ͻ 0.01, unpaired t test) different from the former two values. These results indicated that the test stimulation at one side did not concomitantly activate the other side.
Hetero-LTD was induced simultaneously with homo-LTP
To examine whether TBS applied to one pathway induces longlasting changes in excitatory synaptic transmission in the other, nonactivated pathway (called heterosynaptic pathway), we initially stimulated two sites in layer IV alternately every 10 s (0.05 Hz at each site) and recorded EPSPs from layer II/III neurons as baseline responses. Then, we applied TBS to one of the pathways when postsynaptic neurons were depolarized to 0 mV. This paired TBS elicited a robust LTP in the activated pathway (called homosynaptic pathway) (Fig. 2 A) . In the heterosynaptic pathway, a weaker, but significant LTD was induced (Fig. 2 B) . This was confirmed by the group analysis of 15 neurons (Fig. 2C) . For this analysis, we measured the initial, rising slope of EPSPs to elude the possible contamination of GABA-mediated inhibition. The mean EPSP slope 31-35 min after TBS at the activated side was 131.7 Ϯ 7.8% of the baseline value, whereas it was 74.9 Ϯ 2.3% at the nonactivated side. Both values were significantly ( p Ͻ 0.001, paired t test) different from the baseline values.
Then, we examined whether TBS without postsynaptic depolarization can induce hetero-LTD. For this, the membrane potential of nine cells was clamped at Ϫ70 mV during TBS, which was applied to one side of layer IV. We found that TBS without postsynaptic depolarization still induced hetero-LTD, whereas it did not induce homo-LTP (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The mean EPSP slope 31-35 min after TBS at the heterosynaptic pathway was 81.1 Ϯ 6.8% of the baseline value for these 9 cells, whereas that for 12 control cells in which TBS was paired with postsynaptic depolarization was 72.7 Ϯ 4.8%. The difference between these two values was not significant ( p Ͼ 0.05, unpaired t test). However, the mean value 31-35 min after TBS at the homosynaptic pathway was 97.1 Ϯ 7.7% of the baseline for the 9 cells, whereas that for the 12 cells in which TBS was paired with postsynaptic depolarization was 130.4 Ϯ 13.8%. The difference between these two values was significant ( p Ͻ 0.001, unpaired t test).
Hetero-LTD is age dependent
To examine whether there are developmental changes in the induction of hetero-LTD and in its magnitude if induced, we observed changes in EPSPs in the heterosynaptic pathway after TBS of the other pathway in animals at various ages. We found that the largest magnitude of hetero-LTD was induced at P7-P10 (Fig.  3A) . The mean EPSP slope 31-35 min after TBS for 12 neurons was 63.7 Ϯ 7.6% of the baseline value. At P14 -P20, hetero-LTD at a markedly high magnitude was still induced, as shown in Figure 2C . At P35-P41, no significant hetero-LTD was observed in most of the slices, although a significant homo-LTP was induced (Fig. 3B ). To quantify these findings, we plotted the changes in the initial slope of EPSPs in the heterosynaptic pathway 31-35 min after tetanus versus the age of animals (Fig. 3C ). There was a significant age-related decrease in the magnitude of hetero-LTD (r ϭ 0.630; n ϭ 36; p Ͻ 0.001; correlation analysis with Statview).
Expression of hetero-LTD may be presynaptic in origin
To determine whether hetero-LTD is expressed presynaptically or postsynaptically, we initially analyzed the PPR of EPSPs. As shown on the top of Figure 4 A, the first EPSPs evoked by pairedpulse stimulation of the nonactivated site were depressed after TBS, whereas the second EPSPs were not proportionally depressed. Thus, the paired-pulse ratio increased. As shown in the graph of Figure 4 A, the mean PPRs of the seven cells tested significantly increased after the induction of hetero-LTD. The mean PPR before TBS was 0.70 Ϯ 0.08, and that after the induction of hetero-LTD was 0.98 Ϯ 0.04. These two values were significantly different ( p Ͻ 0.01, paired t test). This result suggests that hetero-LTD may be ascribable to changes in presynaptic sites (Zucker, 1989) .
To further address the presynaptic and postsynaptic issue, we next performed the CV analysis (Faber and Korn, 1991; Sjöström et al., 2003) . On the basis of a binomial model of synaptic transmission, functional changes in presynaptic sites are expected to be accompanied by a change in the CV of synaptic responses: the values of CV Ϫ2 that are plotted against the change in efficacy should be located on or below the diagonal line, if the release probability is low. However, if changes are located purely in postsynaptic sites, the values should be located on the horizontal line of 1.0. As shown in Figure 4 B , the values for all of the 16 neurons that showed hetero-LTD were located below or on the diagonal line. Thus, the mean value of the normalized CV
Ϫ2
for the 16 neurons (0.36 Ϯ 0.07) was below the diagonal line. These results altogether suggest that hetero-LTD is expressed presynaptically.
Hetero-LTD is NMDA receptor independent
It is well known that the activation of NMDA receptors is necessary to induce homo-LTP at excitatory synapses on pyramidal cells in the visual cortex (Artola and Singer, 1987; Kimura et al., 1989) . Thus, we examined whether the activation of NMDA re- ceptors is also necessary for the induction of hetero-LTD, using an antagonist for NMDA receptors, APV. As shown in Figure 5A (hatched circles), APV did not block the induction of hetero-LTD. The mean ratios of EPSP slope 31-35 min after TBS to that before TBS were 71.3 Ϯ 8.0% (n ϭ 8) with APV and 69.3 Ϯ 7.6% (n ϭ 11) without APV. The difference between these two values was not significant ( p Ͼ 0.1, unpaired t test).
To test the possibility that APV might not effectively block NMDA receptors in the present preparations, we observed homosynaptic EPSPs. As shown in Figure 5B , homo-LTP was not induced when APV was applied. The mean ratio of EPSP slope 31-35 min after TBS to that before TBS was 128 Ϯ 6.0% (n ϭ 11) without APV, whereas it was 97.1 Ϯ 6.2% (n ϭ 8) with APV. The difference between these two values was significant ( p Ͻ 0.001, unpaired t test). These results indicated that hetero-LTD is NMDA receptor independent.
Hetero-LTD is postsynaptic Ca
2؉ independent Then, we addressed the question of whether the induction of hetero-LTD is dependent on an increase in Ca 2ϩ concentration in postsynaptic sites. To answer this question, postsynaptic neurons were filled with a Ca 2ϩ chelator, BAPTA, through recording pipettes. The concentration of BAPTA in the pipettes was 10 mM and recordings were not initiated until at least 5 min after the rupture of the cell membrane to allow BAPTA to spread into the neurons. As shown in Figure 5C (hatched circles), TBS induced hetero-LTD of EPSPs at the nontetanized side. The magnitude of hetero-LTD was nearly the same as that of control neurons (open circles). The mean slopes of heterosynaptic EPSPs 31-35 min after TBS for the 11 BAPTA-filled neurons and 8 control neurons were 72.7 Ϯ 3.2 and 70.2 Ϯ 2.8%, respectively. Obviously, the difference between these two values was not significant ( p Ͼ 0.1, unpaired t test).
To examine the possibility that BAPTA might not effectively chelate postsynaptic Ca 2ϩ in the present preparations, we observed homosynaptic EPSPs. As shown in Figure 5D , homo-LTP was not induced when BAPTA was injected. The mean ratio of EPSP slope 31-35 min after TBS to that before TBS was 129.7 Ϯ 3.3% (n ϭ 8) without BAPTA, whereas it was 98.0 Ϯ 5.2% (n ϭ 11) with BAPTA. The difference between these two values was significant ( p Ͻ 0.001, unpaired t test). The results shown in Figure 5 , C and D, indicated that an increase in Ca 2ϩ concentration in postsynaptic neurons is not necessary to induce hetero-LTD at excitatory synapses on these neurons.
Hetero-LTD may be mGluR5 dependent
The finding that NMDA receptors are not involved in hetero-LTD suggests that mGluRs may play a role in this type of LTD. Indeed, a bath application of an antagonist for mGluRs, LY341495, at 100 M (Rao and Daw, 2004) blocked hetero-LTD (Fig. 6 A) , although this antagonist did not affect the induction of homo-LTP (Fig. 6 B) . The mean ratios of EPSP slope 31-35 min after TBS to those before TBS at the heterosynaptic pathway were 99.1 Ϯ 6.3% with LY341495 (n ϭ 8) and 70.7 Ϯ 4.3% with vehicle alone (n ϭ 12). The difference between these two values was statistically significant ( p Ͻ 0.001, unpaired t test). This antagonist at 100 M is expected to block all types of mGluRs. Then, we applied a selective antagonist for the type 5 of mGluRs, MPEP, at 10 M (Blaabjerg et al., 2001) . We found that this selective antagonist also blocked hetero-LTD, although it did not affect homo-LTP (Fig. 6C,D) . The mean ratios of EPSP slope 31-35 min after TBS to those before TBS at the heterosynaptic pathway were 101.2 Ϯ 5.1% with MPEP (n ϭ 8) and 72.3 Ϯ 3.8% with vehicle alone (n ϭ 9). The difference between these two values was statistically significant ( p Ͻ 0.001, unpaired t test). These results indicate that hetero-LTD may be mGluR5 dependent.
Endocannabinoids are involved in hetero-LTD
To elucidate the role of endocannabinoid type 1 receptors (CB 1 Rs) in hetero-LTD, we examined effects of the CB 1 R antagonist, AM251, on hetero-LTD of EPSPs. The application of AM251 (5 M) through the perfusion medium did not significantly change the baseline level of EPSPs. The mean slope of EPSPs 10 -20 min after the application was 104.6 Ϯ 5.1% (n ϭ 7) of the preapplication value. During the application of AM251, however, TBS became ineffective for the induction of hetero-LTD (Fig. 7A) . The mean EPSP slope in the heterosynaptic pathway for 10 control cells 31-35 min after TBS was 74.1 Ϯ 6.4% of the baseline, whereas that for 9 AM251-treated cells was 94.1 Ϯ 6.5%. The difference between these two values was significant (unpaired t test, p Ͻ 0.001). In the other pathway, AM251 did not block the induction of homo-LTP. The mean EPSP slope for the 10 control cells 31-35 min after tetanus was 129.0 Ϯ 6.4% of the baseline, whereas that for the 9 AM251-treated cells was 130.2 Ϯ 8.3% (Fig. 7B) . Obviously, these two values were not significantly different ( p Ͼ 0.1, unpaired t test). These results suggest that endocannabinoids are involved in the induction of hetero-LTD in the developing visual cortex.
Next, we examined whether WIN, an agonist for cannabinoid receptors, depresses excitatory synaptic transmission and occludes hetero-LTD. The application of WIN (2 M) through the medium for 10 min induced slowly growing depression of EPSPs in the heterosynaptic and homosynaptic pathways (Fig. 7C,D,  hatched circles) . Then, we confirmed that the depressive action of WIN was blocked by the previous application of AM251 at 5 M (Fig. 7C, filled circles) . The mean EPSP slopes for the heterosynaptic pathway 13-17 min after initiating the WIN application without and with AM251 were 68.4 Ϯ 3.9% (n ϭ 7) and 98.6 Ϯ 1.6% (n ϭ 7) of the baseline, respectively. The difference between these two values was significant ( p Ͻ 0.01, unpaired t test).
After EPSPs depressed by WIN became stable, tetanic stimulation was applied to one pathway (Fig. 7D, downward arrow) . Homo-LTP was induced in the tetanized pathway (Fig. 7D) . However, significant LTD was not induced in the nontetanized pathway (Fig. 7C, hatched circles) . The mean EPSP slope for the heterosynaptic pathway 31-35 min after TBS was 95.3 Ϯ 4.5% of the baseline (n ϭ 7). The corresponding value for the six control cells was 75.1 Ϯ 10.5% of the baseline (Fig. 7C, open circles) . The difference between these two values was significant ( p Ͻ 0.01, unpaired t test). The results shown in Figure 7 suggest that hetero-LTD in the developing visual cortex is mediated by CB 1 R.
Exogenous BDNF blocks hetero-LTD
Because BDNF is known to prevent the induction of homo-LTD in visual cortical slices (Kinoshita et al., 1999) , we examined whether BDNF and its high-affinity receptors are involved also in hetero-LTD. We found that the application of BDNF blocked hetero-LTD, as shown in Figure 8 A (hatched circles) . The mean ratios of the slope of heterosynaptic EPSP 31-35 min after TBS to that of the baseline were 99.7 Ϯ 5.6% with BDNF and 68.6 Ϯ 12.8% in the control. The difference between these two values was significant ( p Ͻ 0.01, unpaired t test). In the tetanized pathway, exogenously applied BDNF enhanced the magnitude of homo-LTP (Fig. 8 B, hatched circles) , as reported previously (Akaneya et al., 1997) . The ratios of EPSP of the homosynaptic pathway were 149.8 Ϯ 4.1% with BDNF and 126.7 Ϯ 11.9% without BDNF. The difference between these two values was significant ( p Ͻ 0.01, unpaired t test).
Then, we addressed the question of whether endogenous Figure 2C . C, D, Time courses of mean EPSP slopes of seven neurons to which WIN, an agonist for CB 1 R, was applied, as indicated by a horizontal bar (hatched circles). The filled circles represent mean values for another seven neurons to which AM251 was continuously applied and WIN was transiently applied, as indicated by the horizontal bar. The open arrows indicate that stimulus intensity was increased so as to make the slope equivalent to the value before the administration of WIN. The open circles represent control data for six cells, to which no drug was applied. Other conventions are the same as those in Figure 2C .
BDNF is involved in homo-LTP by applying TrkB-IgG fusion protein, which blocks the function of high-affinity receptors for BDNF, TrkB. We found that the treatment with TrkB-IgG did not significantly change hetero-LTD (Fig. 8 A, filled circles) , but rather induced homo-LTD in the tetanized pathway (Fig. 8 B, filled circles). The mean slope of EPSP in the tetanized pathway 31-35 min after tetanus was 82.7 Ϯ 12.7% of the baseline. This value was significantly ( p Ͻ 0.01, paired t test) smaller than the baseline value. To test the possibility that the appearance of homo-LTD in the tetanized pathway is ascribable to activity of CB 1 R, AM251 was applied during the treatment with TrkB-IgG (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). The application of AM251 resulted in the emergence of homo-LTP, confirming the above-mentioned possibility. These results suggest that the BDNF-TrkB system may antagonize the suppressive action of eCBs at presynaptic sites. To examine this possibility, we tested whether BDNF actually blocks the suppressive action of the CB 1 R agonist. As shown in Figure   8C , the CB 1 R agonist, WIN, did not strongly suppress EPSPs when slices were treated with exogenous BDNF. The mean slope of EPSPs 6 -11 min after cessation of WIN application was 88.5 Ϯ 3.2% of that before the application (Fig. 8C, hatched circles) . The somewhat incomplete blockade might be ascribable to the relatively low concentration of exogenously applied BDNF, although we cannot exclude other possibilities. Without BDNF, the application of WIN induced a marked suppression, as mentioned above. The mean slope of EPSPs 6 -11 min after cessation of WIN application was 72.7 Ϯ 3.7% of that before the application (Fig.  8C, open circles) . The difference from the value with BDNF was statistically significant ( p Ͻ 0.01, unpaired t test).
Discussion
The mechanisms underlying the homosynaptic forms of longterm synaptic plasticity (homo-LTP and homo-LTD) in the visual cortex have been intensively studied (for review, see Tsumoto, 1992; Linden and Connor, 1995; Bear, 2003) , but those underlying hetero-LTD in the visual cortex have not been well understood. In the present study, we found the following: (1) hetero-LTD of excitatory synapses at layer II/III neurons of the mouse visual cortex is dominant at P7-P10, becomes less dominant with development, and is not induced at P35-P41; (2) the expression locus of this form of LTD is probably presynaptic; (3) this form of LTD is not dependent on the activation of NMDA receptors nor the increase in postsynaptic Ca 2ϩ , but dependent on the activation of mGluR5; (4) the type 1 of eCB receptor, CB 1 R, is involved in its induction; and (5) activated presynaptic terminals may be protected from eCB-mediated depression by the presynaptic BDNF-TrkB system and consequently activated synapses remain potentiated. These findings are schematically shown in Figure 9 .
Contribution of eCBs to hetero-LTD in developing visual cortex
It was reported that CB 1 Rs are abundantly expressed in the neocortex as well as in the cerebellum and hippocampus (Herkenham et al., 1990; Matsuda et al., 1993; Tsou et al., 1998; Marsicano and Lutz, 1999 ) (for review, see Freund et al., 2003) . A recent study also demonstrated that functional CB 1 Rs are expressed in GABAergic and glutamatergic neurons in the hippocampus and neocortex (Katona et al., 2006; Kawamura et al., 2006; Monory et al., 2006; Takahashi and Castillo, 2006; Hill et al., 2007) . It is further suggested that CB 1 Rs are located on presynaptic termi- Figure 2C . C, Mean EPSP slopes in the homosynaptic pathway for six neurons to which WIN was applied (open circles), as indicated by a short horizontal bar, and for nine cells to which exogenous BDNF was continuously applied (hatched circles), as indicated by a long horizontal bar, and WIN was additionally applied, as indicated by the short horizontal bar. Other conventions are the same as those in Figure 2C . nals of pyramidal neurons in the neocortex (Domenici et al., 2006) . This type of CB receptors is suggested to play a role not only in short-term but also long-term synaptic plasticity (for review, see Chevaleyre et al., 2006) .
The involvement of eCBs in the induction of hetero-LTD of GABAergic synapses was reported in the amygdala (Marsicano et al., 2002) and hippocampus (Chevaleyre and Castillo, 2003) . A mechanism suggested in these previous studies is a decrease in GABA release from presynaptic terminals. Very recently, eCBmediated hetero-LTD of excitatory synapses has been reported in the immature hippocampus (Yasuda et al., 2008) . In the visual cortex, however, there has been no report about the role of eCBs in hetero-LTD, although the involvement of eCBs was reported in the timing-dependent type of homo-LTD in layer V of the visual cortex (Sjöström et al., 2003) and layer II/III of the somatosensory cortex of young rats (Bender et al., 2006; Nevian and Sakmann, 2006) and in the low-frequency stimulation-induced type of homo-LTD in layer II/III of the visual cortex of young mice (Crozier et al., 2007) . These previous studies in the neocortex suggested an involvement of presynaptic NMDA receptors (Sjöström et al., 2003) or postsynaptic Ca 2ϩ signaling (Bender et al., 2006; Nevian and Sakmann, 2006) . It is to be noted that all of these previous studies dealt with homo-LTD. The present results suggest that hetero-LTD of excitatory synapses in the developing visual cortex is induced through different mechanisms including presynaptic CB 1 Rs.
BDNF protects activated pathways from eCB-mediated depression
It is known that eCBs rapidly spread through cell membrane by diffusion or a transporting system (Chevaleyre et al., 2006) . Then, a question arises why eCBs do not exert their suppressive action on the activated pathway if they spread to adjacent presynaptic sites. In the present study, we found that the blockade of the activity of high-affinity BDNF receptors by TrKB-IgG resulted in the appearance of homo-LTD instead of homo-LTP after TBS of the homosynaptic pathway. Also, we found that exogenously applied BDNF blocked the suppressive action of the CB 1 R agonist on excitatory synaptic responses. These results together suggest that eCBs released from active postsynaptic sites could have suppressed active presynaptic terminals of the homosynaptic pathway, but this action of eCBs was masked by the action of BDNF, because BDNF is released by TBS from presynaptic terminals (Kohara et al., 2001; Lessmann et al., 2003) and enhances the release of conventional transmitters (Carmignoto et al., 1997; Gottschalk et al., 1998; Lessmann and Heumann, 1998) . It was reported that an application of BDNF to CNS neurons increases cAMP level, which in turn activates protein kinase A (Cai et al., 1999) , although other signaling pathways are also activated (Kaplan and Miller, 2000) . The suppressive action of the eCB-CB 1 R may be ascribable to the decrease in cAMP in presynaptic terminals (Chevaleyre et al., 2007 ). Thus, it seems possible that an interaction between the CB 1 R and TrkB pathways at active presynaptic terminals leads to the blockade of action of CB 1 R (Fig.  9) .
Then, a question arises why BDNF released from active terminals does not act on heterosynaptic terminals. In slices of the ferret visual cortex, it was reported that the action of BDNF on dendritic growth of cortical neurons is limited within the distance of 4.5 m from the release point (Horch and Katz, 2002) . Thus, BDNF released from active terminals may not reach presynaptic sites of the heterosynaptic pathway. Reasons for the limited diffusion of BDNF may be ascribable to its high interactive property with extracellular matrix, proteolysis by the tissue-type plasminogen activator (tPA), or to binding with abundantly expressed TrkB in other components such as postsynaptic sites or glia (Frisén et al., 1993; Pitts and Miller, 2000) , although we could not distinguish these possibilities in the present study.
Developmental changes in hetero-LTD
In the present study, we found that the largest magnitude of hetero-LTD was induced at P7-P10, and this form of LTD was still observed at P14 -P20. However, a significant hetero-LTD was not observed at P35-P41. There are at least three possibilities that may account for such a developmental change in hetero-LTD.
First, the expression of CB 1 R in the visual cortex might change with development. For example, it was reported that the level of mRNA expression of CB 1 R in the rat cerebral cortex measured by in situ hybridization was high at P1 and P5 and became very low in the adult, although the specific CB 1 R binding assessed by radioautography in the adult was higher than that at P1 and P5 (Berrendero et al., 1999) . By immunohistochemistry, however, it was reported that CB 1 R immunoreactivity appeared in layer II/III of the rat somatosensory cortex around P6, becoming very intense by P12-P16, and then remained high in the adult (Deshmukh et al., 2007) . Thus, the developmental changes in the expression level of CB 1 Rs assessed by different methods in the cerebral cortex seemed not completely consistent with each other, and the disappearance of hetero-LTD in the adult might not be explained solely by the developmental changes in CB 1 Rs in the visual cortex.
The second possibility that may account for the developmental changes in hetero-LTD is the change in the probability of transmitter release from presynaptic terminals. It is well known that the release probability of transmitters decreases with postnatal development in the hippocampus, somatosensory cortex, and other brain areas (Bolshakov and Siegelbaum, 1995; Pouzat and Hestrin, 1997; Iwasaki and Takahashi, 2001; Yanagisawa et al., 2004) . Thus, the suppressive action of eCBs is expected to be less effective if the release probability becomes lower with development.
The third possibility is related to the developmental upregulation of BDNF expression and diffusion in cortical tissues. It was reported that the expression of BDNF developed relatively late (Huang et al., 1999) , and the activity of tPA in the mouse visual cortex is very high at P15-P17 and then reduced with development (Mataga et al., 2004) . In the matured cortex, therefore, the increased release of BDNF from active terminals and less restricted diffusion of BDNF that eludes proteolysis may act also on the nonactivated terminals.
Physiological roles of eCB-mediated hetero-LTD in developing visual cortex
The activity-dependent strengthening and weakening of synapses are considered to be the basis of the refinement of neural circuits during postnatal development (Singer, 1995; Zhang and Poo, 2001 ). In the developing visual cortex, hetero-LTD is hypothesized to play a role in modification of neural circuits after monocular visual deprivation (for review, see Tsumoto, 1992; Bear, 2003) (but see Hensch, 2005) , although a few studies rather suggested that homo-LTD plays such a role (Rittenhouse et al., 1999; Heynen et al., 2003) . Thus, eCB-mediated LTD at the heterosynaptic pathway might be involved in such an experiencedependent alteration of neuronal circuits in the developing visual cortex.
